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Abstract
The challenge in large scale experimental fluid dynamics comes from the demand to develop simple methods that can measure and model movement of flexible objects and wind
flow over large three-dimensional volumes with readily available equipment. Representing
and modelling the flow around trees is challenging mainly because of the complexity and variability of trees. In this research different methods were tested in the novel Wind Engineering
Energy and Environment (WindEEE) Dome facility at Western University, Canada to capture
displacements of a moving single tree and flow velocities over a model forest edge in a threedimensional form. The tested measuring methods use commonly available optical equipment
and require little or no calibration prior to the experiments. The correlation between the wind
force exerted on a single garden tree canopy and the resulted projected area as well as between
the wind force and the crown displacement were determined using an infrared time-of-flight
camera. Two spatial components of wind flow velocity over a modelled forest were measured
using a digital camera, light projectors and tracer particles. A three-dimensional - two components colored flow visualization technique is also investigated. The calculated horizontal and
vertical flow velocity components were compared with data measured with Cobra probes. The
flow is compared with Computational Fluid Dynamics (CFD) simulations and visualized in a
three-dimensional form. The techniques prove to have a good accuracy, are easy to implement,
are quantitative methods and come as an alternative to using complex laser-based measurement
techniques.

Keywords: Displacement Measuring Method, 2D-2C, 3D-2C, Flow Measuring Method,
Visualisation Techniques
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Summary for Lay Audience
A challenge in experimental fluid dynamics is developing simple and accessible methods
that can capture the wind flow components over large scale volumes and the three-dimensional
displacements of flexible objects.
Trees have been studied for different reasons from modelling risk of wind damage to trees to
modelling wind flow over forests. Due to their complex and flexible geometry, it is challenging
to describe the three-dimensional movement of the tree canopy with wind. Capturing and
analyzing the flow over forests requires complex equipment and careful calibration.
The main focus of the thesis was developing practical and easy to use methods for detecting
moving bodies as well as extracting wind speeds over large volumes with application to tree
measurements in wind tunnel facilities.
The first technique used in this research work employs an infrared time-of-flight sensor
which facilitates a better understanding of the behavior of a single tree crown against wind
speed.
The second method employs a digital camera, a white light projector and tracer particles
over a model forest and allows for a rapid extraction of the vertical and horizontal wind components of the flow field. The third method adds color to the previous method to allow a
three-dimensional visualization of the particles in the test volume.
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Chapter 1
Introduction

1.1

General introduction

The first fluid flow velocity measurements were point-wise measurements obtained using Pitot
tubes in the early 18th century. Point measurement instrumentation like impact probes [18], hot
wires [4], ultrasonic anemometers [25] or Cobra probes [19, 7], are robust and affordable and
allows a precise, high frequency measurement of the flow speed. However, the data is captured
only at one point in space. The arrival of particle imaging techniques made it possible to take
global velocity measurements [2]. Overall, the most frequent techniques found in literature for
measuring real-time displacements and flow velocities provide two-dimensional information
[1, 11, 13, 6]. The task of determining the three-dimensional instantaneous location of tracer
particles from one or more camera views adds to the complexity of the setup and the cost of the
equipment. It can also be very tricky when there are space constraints and obstacles in the field
of view. Techniques capable of computing all the velocity components [12, 22, 9, 23] of threedimensional flows require a very delicate and precise setup that can be difficult to implement
and use in large wind testing facilities due to the scale, flow complexity, interference and
vibrations, to name only some of the important classical measurements problems.
An accurate representation of the geometry of a flexible object as a function of wind speed
1
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and turbulence is essential for creating successful wind-object interaction models. Often the
trees have been represented as static models as it is difficult to measure the rapid changes of
the canopy area under turbulent wind interaction. RGB stereo cameras can be utilized for real
time 3D reconstruction of deformable objects however the method is reliant on the presence
of good visible light sources. Airborne and terrestrial laser scanning have been used to create
voxel representations suitable for computational fluid dynamics (CFD) models [21, 5, 8] yet
this technique can be used only when the geometry can be assumed static as the scan is not
sufficiently fast to document movement.
An important challenge in large scale experimental fluid dynamics comes from the demand
to develop simple methods to measure and model three-dimensional movements of flexible
objects as well as the three spatial components of the wind flow over large 3D volumes with
little or no calibration prior to the experiments and with readily available equipment. This
thesis tests different methods to extract displacements and flow velocities using simple off-theshelf equipment including infrared time-of-flight cameras, digital cameras, light projectors and
tracer particles.

1.1.1

Tree canopy measuring methods

The measurement of dynamic, 3D displacements of moving and/ or flexible objects due to
wind poses important challenges. Trees are one of this type of objects. The wind-induced
adjustments of the branches, foliage, and stem represent fundamental aspects of trees and is
of importance for understanding their structural stability. The reconfiguration of the crown
in response to wind has been emphasized as an important factor for determining the drag on
a tree however, the crown has often been handled as a two-dimensional and static object as
it is difficult to measure the rapid changes of the area under turbulent wind interaction [16,
24, 15]. Trees have been modeled as fractal tree-like objects [3] or analysed based on 3D
computational fluid dynamics simulations [10] or using finite element analysis to investigate
the tree responses to turbulent winds [26]. Models of this type are based on and are improved

1.1. General introduction
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by implementing results from many field experiments. In order to improve our understanding
of wind-tree interaction, more knowledge on the three-dimensional behaviour of the tree is
needed. To measure displacements in a three-dimensional form this thesis tests a technique
which employs an infrared time-of-flight camera on a single garden tree in a wind testing
facility.

1.1.2

Two-dimensional particle imaging methods

The most popular and frequently used light-based flow measurement techniques are particle
imaging velocimetry (PIV) and particle tracking velocimetry (PTV). The first recorded documents of particle imaging techniques date from 1917 [20]. Both PIV and PTV methods involve
complex setups, calibrations and data processing as well as a high cost of the equipment. Both
methods need high speed cameras (more than 1 kHz) and even though they provide direct access to data the resolution to this day is much lower than what film provides. To be able to take
clear images of the flow particles, the light, which is usually a 1 mm thick sheet, should have
a high and homogeneous intensity and be pulsed synchronously with the cameras in frequency
and in phase. Errors can arise from the pixel size and the process of computing the signal peak
location to the nearest integer value of a pixel. Film grain and electronic noise during pixel
readout can also result in particle mismatch. As a simpler alternative this thesis proposes a
two dimensional - two components (2D-2C) method that uses a single camera, a light projector
and tracer particles. The new approach consists of illuminating the neutrally buoyant tracer
particles with a white light and using a long exposure time to capture streaks instead of points.
In this manner storage and computing issues are resolved. The processing time is reduced significantly, and the setup is relatively easy not necessitating a complex calibration prior to the
experiments.

4
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1.1.3

Global measuring methods

The reconstruction of 3D particle positioning is commonly done with the help of multiple camera views in many variants of PIV. This can be an impediment in a limited space and where
there are obstacles in the field of view. Synchronizing the cameras and capturing enough light
from the tracer particles in the volume can bring additional concerns to the outcome. Examples of extensions of the PIV technique are Holographic PIV [17, 12, 14] and Tomographic
PIV [9, 23]. These methods have a complex setup which requires a considerable amount of
effort, do not have a very high time resolution and typically employ at least 3 cameras. A
different approach taken on capturing the third dimension is by encoding it in color [22]. The
technique is promising although still complex and so far, limited in depth scale. In addition,
color aberration can be highly problematic when the detected particle covers only a few pixels.
The method used in this thesis to provide a 3D, qualitative-quantitative flow field description is an extension of the color-coding idea however, using a single camera, tracer particles
and a light projector. A relatively high exposure time is employed and the method can be applied to large-scale test volumes. The longer exposure time results in streaks that can be easily
converted in speeds. This approach resolves issues related to the incapacity of normal computers to write gigabytes worth of data fast enough to capture instantaneous flow velocities and it
also cuts processing time. Due to the position of the camera from the test volume and the high
intensity light projector the entire volume can be in focus using a smaller aperture. The setup
doesn’t require complex calibration and the equipment is commercially available.
The primary drawback of this system is the current limitation of cameras to capture true
color. At the moment there is no camera sensor capable of capturing the color wavelength, an
issue which we approach by using a limited number of colors to encode the depth and a hue
range for each captured color to extract the depth coordinate. The color method still has room
for improvement.

1.2. Motivation and objectives

1.2
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Motivation and objectives

The objective of this work is to test and develop simple methods that can extract two-dimensional
and three-dimensional experimental information from wind fields and their interaction with
deformable, complex object such as a model tree. With the help of an infrared time-of-flight
camera the ability to see the movement of the tree in different wind speeds is demonstrated.
Different methods for extracting the projected frontal canopy areas were analyzed and the correlation and anti-correlation between the wind gust exerted on a single garden tree canopy and
the resulted projected area is calculated. With the help of a single camera, a light source and
tracer particles two other techniques were tested in this thesis to measure and visualize the
wind flow velocity components over a modelled forest. Using the second method 2D flow velocities are extracted and compared with direct measurement instruments. Adding color to the
test volume makes it possible to see the flow in 3D. The tested techniques can be applied to
large volumes and have a relatively easy setup.

1.3

Thesis Layout

The thesis follows the “integrated article” format in conformity to the submission requirement
of Western University. The thesis contains two articles described in Chapter 2 and Chapter 3
respectively.
Chapter 1 provides a brief introduction to the existing displacement and flow measurement
instruments and specifies the main objectives of the thesis: (i) measuring the displacement of
a single tree in turbulent winds and a three-dimensional characterization of the tree canopy
area in wind and (ii) extracting the wind profile over a modelled forest using easily accessible
equipment. To capture the movement of a single garden tree in 3D an infrared time-of-flight
camera was used. For measuring the wind profile over a modelled forest, a digital camera, light
projectors and tracer particles were employed, and 2D-2C / 3D-2C data was extracted.
In Chapter 2 using only a commercial infrared time-of-flight camera the movement of the

6
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tree in different wind speeds is captured, the correlation and anti-correlation of different methods to extract the area of a tree with the wind force is expressed and the drag coefficients are
calculated and interpreted in relation to the tree crown displacements.
Chapter 3 describes and tests two new experimental flow measuring methods. The techniques are tested for the flow over a modelled forest for which previous point measurements
and CFD simulations were available for comparisons. Using a digital camera, a light projector and tracer particles the calculated horizontal and vertical flow velocity components are
compared with the data measured with Cobra probes. The flow is visualized in a quasi-threedimensional form and compared with a CFD simulation.
Chapter 4 draws the conclusions and makes reference to future work.
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Chapter 2
Three-dimensional measurements of tree
crown movement using an infrared
time-of-flight camera

2.1

Introduction

The response of a tree to wind is highly complex and thus challenging to describe and quantify. The wind-induced adjustments in the branches, foliage, and stem represent fundamental
aspects of trees and is of importance for understanding their structural stability. This study outlines the changes in the crown structure in response to turbulent wind fields, using a technique
which has not previously been used for this purpose.
The characterization of wind induced tree motion is of interest for many research fields such
as biology, agronomy and engineering. Various experimental approaches have been utilized in
this regard. Oscillations of the stem and branches of a tree have been recorded with inclinometers, strain gauges or 3D magnetic tracking. In Sellier and Fourcaud [17] inclinometers and
strain gauges were used to measure how the branches and leaves influenced the oscillations of
young pine saplings. In the context of reducing costs for power line reparations, Bunce et al.
10
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[4] monitored multiple trees with biaxial clinometers to determine their sway frequency and
relate those to tree slenderness and height. In the study by Barbacci et al. [2], two optical measuring methods were compared to 3D magnetic tracking instrumentation placed directly on the
tree with the purpose of quantifying the motion of a walnut tree.
Displacements and strain distribution have been measured using high-speed cameras, LED
lights and marked points. In Der Loughian et al. [7] the displacement of 200 points marked on
two young plants was recorded using a high-speed camera and a strong LED light. In James
et al. [10] dots were sprayed on the tree in order to obtain the strain distribution on trunks and
branches under wind load using video and digital imaging software. However, the methods
applied can not be used for the crown, since leaves and fine branches are not easily marked.
The reconfiguration of the crown in response to the wind has been emphasized as an important factor for determining the drag on the tree [13, 15, 18, 19, 1]. Despite that, the crown
has often been handled in a simplified fashion only characterized by the frontal canopy area
and that was often assumed to be constant in time as it is difficult to measure the rapid changes
of the area [13, 18, 12]. In Vollsinger et al. [19] researchers have used video to estimate the
projected frontal areas and showed a systematic decrease in frontal area with increasing wind
speeds. This study also clearly indicated that the estimated drag coefficient did not become
constant, even when the wind speed dependent frontal area was used for its estimation, indicating that changes in frontal area cannot on its own explain why drag coefficient varies with
wind speed for trees. In Kane and Smiley [11] drag was calculated from approximating natural
tree canopy areas as geometrical shapes like ellipses and triangles, however, the method did
not accurately represent the measured drag. In the study Manickathan et al. [12], it was shown
that the drag coefficient of different trees, modelled or natural, are similar only if they have a
similar porosity and flexibility. Furthermore, the tree crown shape changes dynamically with
the wind and typically the changes occur in all three dimensions.
An accurate representation of the canopy geometry as a function of wind speed and turbulence are essential for creating successful wind-tree interaction models. Dynamic tree models
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using finite element analysis can be used to investigate the tree responses to turbulent winds
[21], nonetheless models of this type are based on and are improved by implementing results
from many field experiments. Airborne and terrestrial laser scanning have been used to create discretized (voxel) tree representations suitable for computational fluid dynamics models
[14, 3, 6], yet this technique can be used only when the geometry can be assumed static as the
scan is not sufficiently fast to document movement. RGB stereo cameras can be utilized for
real time 3D reconstruction of deformable objects but the method is reliant on the presence of
good visible light sources.
Newer 3D optical techniques based on structured light or on the time-of-flight of a laser
are better fit for a three-dimensional real time scan of moving objects. These techniques are
implemented in commercially available depth sensors such as Microsoft Kinect, Intel Senz3D,
Lucid Helios and Google Tango devices. These depths sensors operate in the near infrared region of the light spectrum and provide dense point cloud data of the captured objects, enabling
accurate and real time three-dimensional scanning. To our knowledge these sensors have not
been explored for wind-tree interactions.
For the present work a small garden tree was placed in a large-scale turbulent wind tunnel
facility, the WindEEE Dome at Western University, Canada. The tree was subjected to an atmospheric boundary layer type wind inflow. The drag force and wind velocities were measured
with a force moment sensor and with Cobra pressure probes, respectively. For measuring the
movement in all three dimensions Microsoft Kinect V2, a gaming console sensor equipped
with an infrared time-of-flight camera, was used. The capabilities of Kinect V2 sensor are
explored as to capture the instantaneous position and configuration of the tree crown. Further,
novel methods for extracting areas from photos using dynamic three-dimensional coordinates
and various depth locations are analyzed.
The remainder of the paper is organized as follows: Section 2 describes the experimental
setup including the testing facility and the instrumentation, Section 3 presents the results in
terms of crown displacements, frontal canopy areas, correlation between the wind force and
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the tree’s response and the resulting drag coefficients and Section 4 draws the conclusions. The
movies adding three-dimensionality to the movement of the tree in high turbulent winds can be
found in the supplementary material in Section 5.

2.2
2.2.1

Experimental setup
Wind testing facility

The tests were carried out at the Wind Engineering, Energy and Environment (WindEEE)1
Dome at the University of Western Ontario, Canada. WindEEE is the world’s first 3D and
time-dependent wind testing chamber, capable of producing straight, sheared or swirl winds
of variable direction and allowing the reproduction of real wind dynamics over extended areas
and complex terrains.
The inner diameter of the test chamber is 25 m with a height of 3.8 m. There are 106 fans in
the hexagonal-shaped chamber distributed as follows: 60 fans on one wall configured in 4 rows,
8 fans on each of the remaining five walls and 6 fans are surrounding an upper chamber. The
ground floor of the testing chamber is equipped with automated roughness elements designed
to simulate various terrain conditions. The test chamber and the upper chamber are connected
through a bell-mouth and thus the facility can generate a variety of wind systems [9].
For this research the wind chamber has been operated in straight atmospheric boundary
layer mode by using only the 60 fans wall and raised roughness elements.

2.2.2

Instrumentation

Direct measurement instruments
Velocity measurements upstream were taken using Turbulent Flow Cobra probes series 1002 ,
which are 4-hole pressure probes within a multi-faceted head that can provide dynamic, 31
2

https://www.eng.uwo.ca/windeee
https://www.turbulentflow.com.au/
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component velocity and local pressure measurements in real-time with a frequency response
of more than 2000 Hz. The instruments can measure flow velocities from 2 m/s up to 100 m/s
with an accuracy of ±0.3 m/s. The Cobra probes were set to sample for 2 minutes at 312 Hz.
The forces and moments exerted on the tree were measured with a JR3 45E series3 forcetorque sensor, which produces the analog measurements of the forces and moments along the
x-, y- and z-axes from signals received from foil strain gauges fused to multiple internal loadbearing elements. It can process force and moment loads at a rate of up to 8 kHz with a nominal
accuracy on all axes of 0.25% of its measuring range. The sample rate for this test was set to
1000 Hz and the recording time was approximately 3 minutes.

Novel instrument used in a wind facility
The Xbox One Kinect V2 sensor from Microsoft’s video game console was used to capture
the depth movement of the tree. The sensor can capture images with a frequency of up to 30
frames per second and can measure distances from 0.5 m to 4.5 m in front of it. The Kinect
V2 has a color camera with a resolution of 1920 × 1080 pixels and a field of view of 84.1◦ ×
53.8◦ and an infrared time-of-flight camera with an image resolution of 512 × 424 pixels and
a field of view of 70.6◦ × 60◦ . Kinect V2 has three infrared laser emitters with wavelengths
between 800 nm – 830 nm of the near infrared region (NIR). The device produces images with
different gray levels corresponding to the calculated horizontal depth travelled by the emitted
infrared light. The darker the region, the closer to the sensor. According to Wasenmuller and
Stricker [20] the depth precision of the Kinect V2 is better than 0.002 m and the mean wiggling
measurement error, which is an imperfect generation of the sinusoidal shape of the modulated
infrared light, is approximately 0.02 m according to Fürsattel et al. [8]. In the research done
by Seggers [16] the Kinect V2 cameras have been tested indoors under a simulated sunlight
and it has been concluded that the infrared camera does not suffer a significant decrease in
performance in direct light. However, it must be noted that direct sunlight in different outdoor
3

https://www.jr3.com/
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environments might impact the measurements’ accuracy.
The Kinect V2 has a few limitations depending on the reflective properties of the measured
objects. If the surface of the object is too reflective or transparent, the infrared light is directed
away from the sensor resulting in black pixel regions where depth cannot be assessed reliably
by the sensor. Other errors can come from an imperfect illumination of the corners of the image, from the light incidence angle and from concave surfaces with high reflectance. In the
metrological characterization of the Kinect V2 done by Corti et al. [5] it was found that the
maximum standard deviation due to the incidence angle of the light is reached at 60◦ and is
equal to 0.0018 m. For different geometries (plane, sphere, cylinder) the maximum observed
error was found to be 0.010 m and the depth error for concave objects can reach a few centimeters and is due to the light bouncing between multiple surfaces with high reflectance. To
minimize all the potential measurement errors the tree was placed close to the sensor and in
the centre of the scene.
The wide-angle lens of the infrared camera allows for a wider scene to be included in the
photo which is useful for tests in wind tunnels where moving far away from the test volume is
not possible. Granting all this, with a wide angle lens the closer the object the more emphasis
on the difference between nearer and farther objects. Small changes in composition will alter
the look of an object by a large amount, resulting in a big difference in the relative sizes of
objects. A close object can seem to move considerably in the image even if the composition
changes only by 1 cm due to the pixel per millimeter ratio. Therefore, it can become quite
difficult to calculate areas without the knowledge of the depth position. With the use of the
depth component coming from the infrared sensor it is easier to detect differences in a changing
object or, in this study’s case, the change in a tree crown area with wind.
Fig. 2.1 shows a general representation of a camera’s field of view. A right-handed coordinate system was used in this paper, where x is in the direction of the wind, positive y pointing
right in the recorded images from the Kinect V2 and the centre, (0, 0, 0), was defined at the
base centre of the tree. Three main equations were used for translating image information into
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Figure 2.1: A camera’s horizontal field of view - (a) top view and (b) isometric view. The
variable d is depth, α is the horizontal angle of view, fw is the frame width and fh is the frame
height. The tree representation (green circle) is not to scale
real space information. The frame width was calculated with:
fw = 2 · d · tan(α/2),

(2.1)

from which the width of a pixel can be derived as:
pw =

fw
,
rh

(2.2)

and thus the pixel area is:
pA = pw · ph ,

(2.3)

where fw is the frame width, d is the perpendicular distance from the camera to the respective
point on the object, α is the camera’s horizontal angle of view, rh is the horizontal resolution of
the picture, pw is the pixel width, ph is the pixel height and pA is the pixel area.
The same equations can be used for calculating the frame height and pixel height, replacing
the horizontal angle of view with the vertical angle of view and the horizontal resolution with
the vertical resolution which in this case are 60◦ and 424 respectively. The pixels should be
square but on account of accuracy the exact values resulted from the above camera specifications have been used.
For this test the frame rate for the sensor was set to its maximum speed of 30 fps and the

2.2. Experimental setup

17

recording time over 3 minutes. The camera was placed in the wind testing facility, on a fixed
tripod, behind the tested tree (Fig. 2.1). The results described in this work come from the use
of the data from the infrared camera.

2.2.3

Test setup

In this study a straight flow configuration of WindEEE has been used in conjunction with
roughness elements in order to produce a range of turbulent inflow conditions. An inflow
profile at approximately 1:10 geometric scale was created using the WindEEE Dome 60-fan
wall and roughness elements raised 0.14 m ±7 % above ground to replicate a model solitary
tree in an open agricultural area like the one studied in Angelou et al. [1]. A similarly shaped
ornamental garden tree roughly ten times smaller was chosen for the tests. The tree of the type
Hydrangea paniculata with a height of approximately 1 m and a maximum width of 0.8 m
(Fig. 2.3) was mounted on a force-moment sensor placed in the centre of the WindEEE Dome
corresponding to the origin position in Fig. 2.1.
Wind velocity profiles were measured with a 10 Cobra probe vertical rake in the absence
of the tree placed at position x = -0.4 m, y = 0 m. Four different scaled wind profiles, U1,
U2, U3 and U4 were tested. Fig. 2.2 shows the mean wind speed profiles normalized with the
wind measurement at z = 0.7 m, which corresponds to the tree crown centre, and the turbulence
intensity at different heights. The mean wind speeds, the standard deviations and turbulence
intensities at the reference height z = 0.7 m are presented in Table 2.1. The Reynolds numbers
from the same table were calculated with the tree width of 0.8 m as the length scale and with
an air viscosity of 18.28 × 10−6 kg m−1 s−1 .
Comparison with ESDU (Engineering Sciences Data Unit)4 profile is also provided. The
simulated mean wind profile best matches an ESDU profile corresponding to an open agricultural terrain with a roughness equivalent to z0 = 0.2 m. The simulated mean wind profiles
match the ESDU profile over most of the crown but at the lowest heights, below 0.4 m, there
4

https://www.esdu.com
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Figure 2.2: Inflow wind flow profiles - mean wind speeds and turbulence intensities; Cobra
probes measurements at x = −0.4 m, y = 0 m and the ESDU inflow corresponding to an open
agricultural terrain

Table 2.1: Mean wind speeds, standard deviations, turbulence intensities and Reynolds numbers at x = −0.4 m, y = 0 m, z = 0.7 m
Uz=0.7m [m/s]
U1 1.44
U2 3.09
U3 4.66
U4 6.33

σUz=0.7m [m/s]

IUz=0.7m

Re

0.32
0.64
1.01
1.31

0.22
0.20
0.21
0.20

7.36 · 104
1.58 · 105
2.38 · 105
3.32 · 105

is a deviation consistent with a rough-to-smooth transition which can be noted in Fig. 2.2.
The turbulence intensity plot also shows a height dependence which is also consistent with a
rough-to-smooth transition.
To extract dynamically changing tree crown area the Kinect V2 sensor was placed downstream, behind the force-moment sensor, at approximately 1.3 m from the centre of the wind
facility and on a tripod at approximately 0.65 m above ground. In Fig. 2.3 the tree mounted on
a force-moment sensor, the raised roughness elements and the 60-fans wall in the far back can
be seen. The image was taken with the color camera from Kinect V2.
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Figure 2.3: Tested tree in the wind tunnel - snapshot taken with Kinect’s color camera. The
60-fans wall can be seen in the back. Kinect V2 is at 1.3 m away, in the leeside of the tree

2.2.4

Instrument calibration

The force-moment sensor was calibrated according to the manual in order to convert the output
voltages to loads5 and the Cobra probes were fully calibrated and ready to use before the tests
were conducted by the supplying company6 . For the Kinect V2 calibration process multiple
wood blocks were placed at different known distances from the device (Fig. 2.4 (a)) and 300
infrared photos were taken (Fig. 2.4 (b)). The data was stored in 16-bit images and mapped
to 4000 gray levels (Fig. 2.4 (b)). Gray pixel values for each wood block were selected (Fig.
2.4 (c)) and linearly interpolated with the known distances. The depth precision was found to
be around 1 mm (Fig. 2.4 (d)), possible errors coming from the objects’ nonuniform reflective
properties and the intrinsic infrared detecting sensors. The black areas in the infrared snapshot
(Fig. 2.4 (b)) are areas where the sensor did not receive sufficient back-scattered light. The
windows in the image either let the infrared light pass through the glass or, as can be seen on
5
6

https://www.jr3.com/resources/product-manuals
https://www.turbulentflow.com.au/Products/CobraProbe/CobraProbe.php
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parts of the table also, reflect the light in another direction, away from the sensor. Comparing
Fig. 2.4 (a) with Fig. 2.4 (c) it can be noticed that part of the areas ahead of the wooden
blocks appear further away in the infrared image than in reality. The error is resulting from the
concave configuration of the wooden blocks with the table and due to secondary reflections over
the highly reflective table. Because the reflection is specular, meaning occurring mainly in one
direction, a high-intensity secondary reflection over the smooth table is registered by the Kinect
V2 sensor. In the recorded images with the final setup of the tree in WindEEE (Fig. 2.5 (a)), a
similar error ahead of the tree holder and on the floor can be noticed. A visual inspection of the
images over the crown (see also Supplementary material) showed no indication of secondary
reflections. The leaves are randomly oriented in space, and their surfaces are rough, leading to
diffuse reflections. The diffuse reflections have a lower intensity than the specular reflections
seen on the WindEEE floor and calibration table, and therefore, improbable to impact depth
accuracy. To minimize the central pixel error which increases linearly with distance, and the
errors from the peripheral portion of the scene (Corti et al. [5] and Section 2.2.2) the tree was
placed in the centre of the frame closely in front of the Kinect V2.

2.3
2.3.1

Results
Canopy measurements

Tree canopy movement
The mechanical response of a tree to wind is relatively unknown and hard to quantify, but
with the novel use of the Kinect V2 sensor, the movement of the centre of the canopy can be
extracted not only in the y- and z-directions but also in the x-direction.
For processing the recorded data from Kinect V2, the canopy was extracted from the infrared camera photos. In order to remove the background and the roughness elements from the
images the gray values smaller than 800 and bigger than 1400 were eliminated. The chosen
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Figure 2.4: Kinect V2 calibration; (a) Color camera and (b) infrared camera snapshots; (c)
wood blocks in color for easier differentiation and depth calibration; (d) the resulting depth
precision. The variable D is the known depth distances from the camera objective to the wood
block, g is the gray index from the infrared photos and d is the calculated horizontal depth
precision
gray range corresponding to distances between approximately 0.8 m and 1.4 m coincide with
the approximate position of the tree on the x-axis. All the pixels below the top of the tree stem
were removed also, such that only the tree crown remained in the frames. Throughout the paper
the frames with the background removed were analyzed.
To extract the displacement of the tree crown in real space the value and location of the
pixel in the canopy centroid was preferred. In each frame, the position of the crown in the
x-direction was calculated by averaging the distance from the Kinect V2 over the entire crown.
The crown’s instantaneous y- and z-position was calculated as the center of gravity of the
canopy shape converted to physical position by using Equation (2.2).
In Fig. 2.5 (a) the location of the centre of the canopy in 3 frames is displayed. Note that
the images extracted from Kinect V2 are displayed in terms of depth distances (d) from the
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sensor. Where the location on the x-axis was required, the depth distances were placed on
the chosen right-handed coordinate system. Fig. 2.5 (b) and (c) represent the instantaneous
position of the centre of the canopy (xc ) in space at U1 and U4 wind speeds, respectively. The
figure portrays the movement of the canopy centre from left to right and from back to forth,
which is more evident at higher wind speeds. This movement characterizes the streamlining
effect of the leaves and the branches and can be used to better understand the tree’s complex
structural response to turbulent winds.
At U1 the centre of the tree crown barely moves 0.006 m in the depth direction, but at U4
the tree moves more than 0.06 m in all directions and it also never moves back to the position
corresponding to the lower wind speed (Fig. 2.5). The xy- and yz-graphs in Fig. 2.5 (c) show
that the tree is swaying more at higher wind speeds.
It can also be inferred from the movement on the xz- axes that the tree is bending as the centre moves backward and downward. At higher wind speeds the centre of the crown is lowering
which points to the fact that the total frontal area is shrinking from the edges, especially at the
top side of the canopy, where the tip of the tree bends most and moves closer to the Kinect V2.
At xc = 0.25 m the height of the crown decreased by about 0.03 m indicating that the tree is
modifying its structure, flexing and rounding its edges to be less resistant to wind.
The average depth positions at approximately 0.7 m above the ground were calculated to
determine the average position on the x- and y- axes of the branches and leaves at that height
(Fig. 2.6 (a)). For each of the wind speeds the gray nonzero values of each pixel on the line
[1, 200] to [512, 200] have been averaged. The same process was applied to each of the crown
pixels to draw an average shape of the canopy’s movement at U1 (Fig. 2.6 (b)) and U4 (Fig.
2.6 (c)) wind speeds. In Fig. 2.6 (a) a general bending of the tree can be observed. The canopy
has a smoother time-averaged shape at higher wind speeds as the branches are moving and
bending towards the centre of the tree. The middle part of the crown is moving closer to the
Kinect V2 and there is more movement for higher wind speeds noticed from a wider canopy
at the edges as the canopy is swaying more. It can be noticed that as the wind speed increases,
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Figure 2.5: The displacement of the canopy centre - (a) the red circles are an example of the
location of the crown centre in 3 frames; the canopy centre position in 3D space at U1 (blue)
and U4 (purple) wind speed in (b) isometric and (c) xy-, xz- and yz-axes views. Each point
on the graphs represents the crown centre location in one frame. The camera is located on the
x-axis at 1.3 m, on the y-axis in 0 and on the z-axis at 0.65 m
the time-averaged shape of the tree crown is blurrier and smoother due to more movement of
the branches and leaves in all directions. The average depth position is smaller at U4 than at
U1 as the entire crown moves closer to Kinect V2.

Canopy frontal area
Two methods were used to extract the projected area and its dependence on wind speed. Based
on Equation (2.2) the first approach was to extract the pixel area using only the farthest recorded
crown depth value for each frame. The crown area in one frame was thus the number of pixels
in the crown multiplied by the farthest pixel area. This translates into a canopy area projected
to the farthest observable point on the canopy. So, for example, if the farthest point on the
canopy in a frame was at 1.4 m depth then using Equation (2.1), the 512 × 424 pixels frame
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Figure 2.6: Time-averaged canopy: (a) average x (xcrown ) and y (ycrown ) positions of the crown
elements at height 0.7 m, (b) average depth position of the crown (d) at U1 and (c) at U4. The
red line indicates a height of approximately 0.7 m above ground

would correspond to 1.9825 m × 1.6166 m in real space, which translates to one pixel being
equivalent to approximately 1.482 × 10−5 m2 (see Equations 2.2 and 2.3). If the number of
pixels in that frame was 38000 then the area of the canopy would be approximately 0.56 m2 .
This method is called M1 throughout the rest of the paper.
The second approach was to convert each pixel into square meters using their corresponding
depth information. The canopy area in a frame was then the sum of all the pixel areas in the
tree crown. This method is called M2.
The mean canopy areas and the standard deviations for both M1 and M2 can be found in
Table 2.2. The resulting mean canopy areas are much larger for the former method than the
latter. Both area extracting approaches portray a similar canopy behaviour. An increase in the
frontal area at U2 wind speeds compared to U1 is detected. This was also reported in Rudnicki
et al. [15], where an increase in the projected frontal area at 4 m/s for all the tested tree species
was observed. For higher wind speeds the expected decrease in area can be identified.
The M2 based canopy areas have been further normalized with the mean area for the U1
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Table 2.2: Mean canopy areas and standard deviations

U1
U2
U3
U4

Mean canopy
areas [m2 ] M1
0.54
0.57
0.56
0.53

σAM1 [m2 ]
0.001
0.006
0.011
0.016

Mean canopy
areas [m2 ] M2
0.36
0.38
0.37
0.34

σAM2 [m2 ]
0.001
0.002
0.007
0.011

case and are presented in Fig. 2.7. At U1 wind speed the area is approximately constant while
at U2 the area increases by an average 5.5% compared to the area at U1. For U3 the area
increases only at the beginning by 3% but decreases over time to about 101% of the mean area
at U1. For U4 the area decreases to around 93% of the mean area at U1. In comparison to other
studies like the ones by Rudnicki et al. [15] and Vollsinger et al. [19], our tree is exposed to a
lower wind speed range and a more turbulent flow, therefore streamlining is not as pronounced.
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Figure 2.7: M2 one second averaged canopy areas normalized with the mean area at U1

Although a similar behaviour for the areas calculated with the first method (M1) is observed, the percentages are higher and the streamlining at U4 is not as obvious as the area
decreases to a little below 99% of the mean area at U1.
The increase in area can be explained by looking at the tree movement in time (see annexed
movies). Following the canopy shape, it can be noted that in turbulent winds the canopy elements have a less consistent movement. At wind speeds of around 4.5 m/s (U3) the branches
tend to flex and rotate outwards and the leaves tend to orientate perpendicular to the wind flow.
This causes an increase in the frontal area compared to the tree in still air. At higher wind
speeds, the branches rotate and bend outwards but sometimes move as a unit to left or right.
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The leaves tend to align with the wind direction and the area decreases to below the stationary
canopy area which is characteristic of streamlining.

2.3.2

Force-moment sensor and Kinect V2 sensor co-coherence and correlation

To ensure both systems, the force-moment sensor and the Kinect V2 sensor, are synchronized,
a few seconds after starting the measurements, the force-moment sensor was lightly hit to
register a spike in the recordings which would then be matched with the respective frame in
which the person hitting it is seen.
In order to assess the relation between the force-moment sensor signal and the Kinect V2
sensor signal, and to characterize their relationship at the same frequency, the co-coherence at
30 Hz frequency resolution was calculated using Equation (2.4). The co-coherence is defined
as the real part of the cross power spectral density estimate between two signals A and B
divided by the square root of the product of the auto-spectra:
<(PAB )
,
CC AB = √
PAA · PBB

(2.4)

where PAA and PBB are the power spectral density (PSD) estimate of A and B respectively and
<(PAB ) is the real part of the cross power spectral density estimate of A and B.
The graph in Fig. 2.8 (a) shows that the displacement and the force are coherent up to 3
Hz above which there is a random phase relationship between the two signals. The drop in
coherence can be caused by the overall tree’s slower response to the changes in wind speed.
Another way to interpret it is that the faster movements of the crown elements act as a damping
system on the entire tree.
The co-coherence between F x and M2 area has also been extracted. Fig. 2.8 (b) shows
that there is a high correlation at low frequencies except in the U2 case where the area is less
correlated with the force. In this case the tree seems to have an unpredictable, bi-stable like
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Figure 2.8: (a) Co-coherence between the crown centre displacement and the drag force, (b)
Co-coherence between the M2 crown area and the drag force
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Figure 2.9: The drag force versus the crown centre displacement at (a) U1 and (b) U4, and the
drag force versus the area at (c) U1 and (d) U4

behaviour oscillating between ”fluffing up” and streamlining.
Because of the high co-coherence at 1 Hz the data was now averaged over one second to
study correlations in more detail. The correlation coefficients between force and displacement
and between force and area have been calculated and can be found in Table 2.3. Fig. 2.9 shows
scaled time series for the U1 and U4 cases to visualize the correlation results.
There is a clear strong correlation between the one second averaged force measured by
the force-moment sensor in the x-direction and the one second averaged canopy displacements
in the same direction extracted from the Kinect V2 (Fig. 2.9 (a) and (b)). The correlation
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Table 2.3: Correlation coefficients between the force and the corresponding displacements and
areas for 1 s average. M1 and M2 are the notations for two methods of calculating the entire
canopy areas.

U1
U2
U3
U4

Correlation coefficients
F x -xc F x -M1 F x -M2
0.91 0.81
0.71
0.95 0.79
0.27
0.93 -0.33
-0.65
0.93 -0.43
-0.73

coefficients between force and area for the two tested area extracting methods (M1 and M2)
have been calculated and can be found in Table 2.3. The results point to the fact that for the area
calculated with M1 the relation between the two components is not as obvious as for M2. For
the second method (M2) it can be noticed that the force and the area are positively correlated at
U1, followed by a transitional phase at U2, when the tree fluctuates between “fluffing up” and
streamlining, and at U3 and U4 the two variables are anti-correlated. Fig. 2.9 (c) shows that
the canopy area at U1 increases when the force increases and Fig. 2.9 (d) shows that at U4 the
area decreases when the force increases.

2.3.3

Drag coefficients

Drag coefficients were calculated using the equation:
1
F x = ρAU 2Cd ,
2

(2.5)

where F x is the drag force exerted on the tree, A is the frontal canopy area, U is the reference
velocity at the centre of the tree crown, ρ is the air density, and Cd is the drag coefficient.
The resulting mean drag coefficients from using M1 and M2 are found in Table 2.4. The
mean drag, mean areas and mean drag coefficients from the M1 and M2 methods as a function
of wind speed are plotted in Fig. 2.10. It can be noted that the drag varies linearly with the wind
speed (Fig. 2.10 (a)) at approximately 2 m/s which is due to the area of the tree reducing with
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Table 2.4: Mean drag coefficients

U1
U2
U3
U4

Mean CdM1

Mean CdM2

0.53
0.52
0.45
0.38

0.78
0.78
0.68
0.61

the wind (Fig. 2.10 (b)). For lower wind speeds the tree crown mostly stands up perpendicular
to the wind causing an increase in area. Observing the tree in the attached supplementary
movie it can be inferred that the leaves are rising and setting themselves perpendicular to the
flow. It can also be seen that the branches are rotating outwards. At higher wind speeds the tree
is streamlining, the branches flexing to be less resistant to wind and thus the drag coefficient
becomes smaller and at the same time reducing the crown area. The drag coefficient is constant
for wind speeds smaller than 4 m/s and decreasing with higher wind speeds (Fig. 2.10 (c)).
While the method used for calculating the projected frontal area makes a big difference on the
resulting drag coefficient as can be seen from Table 2.4, the trends and relative differences are
similar (Fig. 2.10 (c)).
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2.4

Discussion and conclusions

A new method based on infrared time-of-flight sensing, is advanced for extracting threedimensional information of tree crown movement and shape under turbulent wind conditions.
Based on this method new ways for calculating the projected areas are tested, force-area dependence and force-displacement correlations are analysed, and the drag coefficient dependence
on wind speed is presented.
The study indicates that the tree canopy tends to increase in area at lower wind speeds and
has a random movement. At intermediate speeds the centre of the canopy moves back and forth
as well as to the left and right and a bi-stable behaviour is observed with alternative “fluffing”
and streamlining of the crown. At higher wind speeds the streamlining is dominant. These
conclusions are supported by the presented correlation coefficients and co-spectral analysis
showing strong (anti-) correlations up to a few Hertz.
By looking at the movement of the tree canopy in time (see movies in the Supplementary
material) it is observed that in turbulent winds the branches of the tree rotate and flex outwards
and the leaves tend to orientate themselves perpendicular to the wind flow at low wind speeds
while at higher wind speeds more swaying and rotation is detected.
The correlation coefficient between the output from the force-moment sensor and the output from the infrared time-of-flight sensor is found to be above 0.7 when correlating the force
exerted on the tree with the resulting area and above 0.9 for the force - crown centre displacement correlation. The correlation between the drag force and the canopy area is analysed for
two pixel-to-area conversion methods. One way of calculating the area was by projecting the
recorded canopy pixels to the farthest observable point on the canopy and a second method
converted each pixel into its respective area based on their individual depth value. Although
the resulting correlations and trends with wind speed were similar, the absolute values of the
areas differed significantly by approximately 30%. For the first method the crown fluffing up
and subsequently streamlining is discernible but not by much since at the highest tested wind
speed the area decreases to only 99% of the area at the lowest wind speed. For the second

2.5. Supplementary material
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method the reshaping is more evident as at the highest wind speed the crown area decreases
to 93% of its area at the lowest wind speed. It can be noticed that the tree is streamlining and
the crown is reshaping. The entire tree bends backwards and is smoothing its average crown
shape. The strong difference in absolute area is due to the fact that the Kinect V2 sensor is
located very close behind the tree.
Using the first method leads to lower drag coefficients compared to the second method, but
both show similar tree and drag behaviors. The crown area decreasing below the stagnant area
for higher wind speeds and the area-drag correlation are more overt using every single depth
information.
Infrared time-of-flight cameras such as the Kinect V2 proves to be a versatile device for
3D real-time scanning allowing qualitative and quantitative results for wind-tree interaction
analysis.

2.5

Supplementary material

See supplementary movies for tree crown and branches bending and rotating at different wind
speeds.
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Chapter 3
Trace Detection Velocimetry methods for
large scale experimental flow field
measurements

3.1

Introduction

The first fluid flow velocity measurements were obtained using Pitot tubes in the early 18th
century. Despite the high accuracy and rapid answers provided by Pitot tubes, Hot Wire
Anemometers, Sonic Anemometers, Laser Doppler Anemometers and other similar instruments, they are point measurements and therefore for the characterization of large complex
flows multiple and simultaneous such measurements are needed. At the beginning of the 20th
century more advanced instruments have been designed to visualize and measure fluid flows.
The arrival of particle imaging techniques made it possible to take global velocity measurements. Depending on the density of the seeded particles, the particle imaging technique can be
[20] (1) Particle Tracking Velocimetry (PTV) in which there is a low particle density so that the
individual particles can be detected and tracked; (2) Particle Image Velocimetry (PIV) in which
there is a medium particle density and the images of individual particles can be detected but
34

3.1. Introduction

35

it’s no longer possible to identify particle pairs in subsequent images and (3) Laser Speckle Velocimetry (LSV) where there is a high particle density and it’s not possible to detect individual
particles as they overlap and form speckles. Particle imaging methods were first implemented
using double-flash photography of a flow in an observation volume seeded with small, neutrally
buoyant, reflective particles. The methods were used to measure velocities in a small region of
a complex and unsteady flow by comparing the location of the seeded flow markers in two or
more consecutive images. PTV is one of the oldest techniques for measuring flow and dates
back from 1917, when early particle tracking measurements of a two-dimensional unsteady
flow around a cylinder were made using cinematography [14]. The first recorded signs of PIV
date back to 1932 in the paper by [6], although the majority of the papers on PIV date from the
1980s, following the work done by Roland Meynart (e.g. [13]), which described the roots of
modern PIV, speckle interferometry.
Presently the most popular and frequently used flow measurement techniques are PIV and
PTV. Their measurement principles have been reviewed in many scientific papers like [7]. PIV
is based on the Eulerian measurement principle, in which the velocity v is a function of position
x and time t (Eq. (3.1)) while PTV is built upon the Lagrangean measurement principle, in
which each particle can be followed through time (Eq. (3.2)).
→
−
→
−v = d x ,
dt

(3.1)

→
−
→
−v (x(t), t) = d x ,
dt

(3.2)

−v is the velocity vector, →
−x is the displacement vector and t is time.
where →
In general, problems that can arise from PIV and PTV are related to the complexity of the
equipment setup and data processing, the extent of the measurement volume or the Reynolds
number characterizing the flow as well as the relatively high costs for the equipment. To be able
to take clear images of the particles, the light should have a high and homogeneous intensity

36

Chapter 3. Trace Detection Velocimetry methods

and be pulsed synchronously with the cameras in frequency and in phase. The light sheet is usually only 1 mm thick. The system needs prior calibration to reconstruct the three-dimensional
field and all stereoscopic systems must record at least two simultaneous but different views of
the same object. Errors can arise from the pixel size and the process of computing the signal
peak location to the nearest integer value of a pixel. Film grain and electronic noise during
pixel readout can result in particle mismatch.
Techniques capable to compute all the tree components of three-dimensional flows like
holographic PIV (HPIV) [12, 9, 11], tomographic PIV (TPIV) [5, 17] or color-coded tomography [16] are complex and costly. The equipment required for HPIV is very delicate and the
holograms must be chemically treated before the 3D reconstruction. TPIV and color-coded
tomography require multiple cameras (at least four cameras) which need to be precisely positioned and calibrated. This can be highly problematic in wind testing facilities where wind and
vibrations can impact the equipment. The challenge in large scale experimental fluid dynamics
comes from the demand to develop a simple method to measure and model the three spatial
components of wind flow over a large 3D volume and at sufficiently high Reynolds numbers
with little or no calibration prior to the experiments and with readily available equipment.
The research in this work derived from a relatively new and developing measuring method
called Rainbow Volumetric Velocimetry (RVV) [22], at the foundation of which stands the
addition of color to standard particle imaging techniques to determine the third dimension
of tracer particles. Researchers in [21] proposed a single camera 3D-3C PIV system with a
specially designed rainbow illumination system to resolve 3D particle reconstruction in a tank
of the size 50.1 mm × 25.6 mm × 18 mm filled with a high viscosity transparent fluid (PSF1,000,000 cSt Pure Silicone Fluid). As tracer particles the researchers used White Polyethylene
Microspheres with a diameter in the range 90 - 106 µm. The illumination system consisted
of two parallel blazed gratings, a white light, a cylindrical lens, a collimator and a specially
designed adjustable diffractive optics to create a rainbow color projection in the depth volume.
The depth resolution for their tests was 1.5 mm and 2.5 mm respectively and the resolution in
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the xy plane was 100 µm. The method is an extension of PIV capturing particles with a short
exposure time in a small volume using a colored light sheet at one end and another light sheet
at the other.
In the research conducted by [19] a water tank with the length and depth of 150 mm × 150
mm was used. Resin particles with a mean diameter of 100 µm were used as tracer particles and
for illuminating the volume, an LCD projector was employed. The size of the test section was
50 mm × 13 mm × 10 mm. The depth section was illuminated with the entire color spectrum
which in theory would mean a depth resolution of approximately 0.028 mm, but in practice
because of distortions the positioning error was 0.5 mm.
Another innovative technique in the investigation of small-scale flow pattern is introduced
by [1] in which differently dyed tracer particles were used to bring an improvement to 3D PTV.
The paper indicates the difficulties that can emerge from using color to classify a particle on
normal cameras with a Bayer filter.
Various experiments that used cameras to capture color point to the fact that currently there
is no camera sensor that can capture directly the received light wavelength. The commercially
available cameras use a Bayer filter which uses only red, green and blue (RGB) channels to
create a color image. The color channels are arranged in a particular grid of photo sensors
which makes only the green part of the colorimetric system correctly represented while the
red and blue have a lower sensitivity. Due to the demosaicking process color information gets
lost thus it is not recommended to extract features from RGB images. The research conducted
by [15] used 3-CCD cameras to record three images corresponding to the red, green and blue
values however, the cameras proved to be still insufficient to capture the corresponding color
wavelengths.
A commonly applied approach when using color photos is to convert the RGB images to
their corresponding Hue Saturation Value (HSV) images. Hue is a specification of the intrinsic
color, saturation describes how pure the color is or how much gray it has and the last component, value, is a measure of brightness, or how much white is in the color.
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The methods tested in this work measure and visualize the wind flow velocity components

over large volumes using a camera, a light source and tracer particles. The new approach in the
techniques consists in using a relatively high exposure time to position particle pathlines in 2D
space and color to add the third spatial component. A pathline is defined as the trace of a given
particle as it flows from one point to another. The tested methods employ relatively inexpensive equipment, can be applied to large volumes and have an easy setup. The main difference
between the above-mentioned methods and the methods tested in this research is in scale, materials, complexity and cost. The tests are done in air with helium filled soap bubble as tracer
particles, a commercial camera and a light source. For simplicity the methods are called here
Trace Detection Velocimetry (TDV) and Colored Trace Detection Velocimetry (CTDV). The
characteristics of the methods are (1) the illumination of the seeded flow volume is done with
a continuous (polychromatic) visible light coming from a light (LCD) projector, (2) the experimental volume will be recorded by a CMOS sensor camera with a relatively high exposure
time, (3) each particle reflecting a (colored) pathline will correspond to the displacement of the
particle and (4) the velocity of each particle will be determined from the position, length and
exposure time of the pathline in the captured image. The resolution in depth for these tests is
60 cm for TDV and approximately 11.6 cm for CTDV. With changing the camera aperture and
depending on the size of the wind testing facility the volume in focus (the depth of field) can
be a few hundred meters. The 3D flow visualization method has been tested to extract the third
spatial component of the pathlines by replacing the white light with a polychromatic visible
light and introducing color as a means to add the third component information into the captured image. To reduce the main drawbacks of using color as a component to recreate the third
dimension for the CTDV method only 5 colors have been used, each with a width between 10
cm to 12 cm to permit a smaller positioning error due to innate shortcomings of the equipment
and the imperfect reflecting surface of the tracer particles. TDV and CTDV are simple and
easy to implement compared to conventional 2D-2C and 3D - 2C particle imaging techniques.
The techniques are quantitative methods that yield successive velocity vector fields over a large
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volume with a relatively high spatial and temporal resolution.

3.2
3.2.1

Experimental setup and methodology
Wind facility and instruments

The tests were carried out at the Wind Engineering, Energy and Environment (WindEEE)
Dome at the University of Western Ontario, Canada. The wind testing facility is hexagonal
shaped with an inner diameter of the test chamber of 25 m and a height of 3.8 m. There are
60 fans on one wall configured in 4 rows, 8 fans on each of the remaining five walls and 6
fans surrounding an upper chamber. The ground floor of the testing chamber is equipped with
automated roughness elements designed to simulate various terrain conditions [8]. For this
research, the wind chamber was operated in straight atmospheric boundary layer mode using
the 60 fans wall, roughness elements, spires and a trip to create the velocity profiles. The spires
spanned from ceiling to floor. The ratio of the 60 fans wall to contraction exit area was 3:1.
The four fan rows were set from bottom to top to 20%, 30%, 40% and 50% of their nominal
revolutions per minute. A 0.381 m high trip was installed at the same plane as the front of
the spires. The height of the roughness elements used in this study was approximately 0.30 m
(100% of their maximum height). The flow was constructed to closely match the flow from the
full-scale experiment in [3].
By reason of the availability of experimental and CFD data from [2], the new model forest from [4] was used in this test. Also, the flow over the forest is roughly two-dimensional
changing rapidly in the proximity of the forest which acts like a porous bluff body. The model
forest was made of 0.4 m tall pieces of PVC tubes with a diameter of 0.0254 m, displaced in a
triangular grid and covered with multiple nylon meshes with the size of an opening of 0.0254
m. The forest had a total width of 3.2 m and a length of 2.9 m. The distance between the tree
rows was 0.200 m and the distance between trees columns was 0.173 m. The entire model
forest was painted black to avoid background reflections. More details about the forest can be
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found in [4].
The tracer particles used were neutrally buoyant helium filled soap bubbles which by following complex airflows make it possible to outline the wind flow. The bubbles were generated
simultaneously from two Sageaction bubble generators1 . Each device had two bubble outputs
and were placed behind the roughness elements at approximately y = ±1 m.
All variables are placed in a right-handed coordinate system, with the x-axis in the direction
of the flow, positive y going away from the camera, z pointing up in the recorded images and
the origin (0, 0, 0) was defined at the middle of the forest edge on the floor. The test setup for
the two methods are illustrated in (Fig. 3.1).
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Figure 3.1: Test setup - (a) TDV top view and (b) CTDV top view. The green lines represent
the white light beam coming from the projector in the TDV setup, the red lines represent the
camera field of view, the black lines represent the model forest and the cyan circle is the centre
of the wind facility. The colored bands in (b) represent the colors that illuminate the test volume
as seen from the top

For illuminating the volume, in the TDV experiment the Basic Light2 developed by Sageaction was placed in front of the trip at a height of approximately 0.4 m and at approximately -11
m on the x-axis. The device was used to project a rectangular white light beam approximately
0.6 m wide, of uniform intensity parallel to the middle of the forest in the sagittal plane.
For the CTDV experiment a digital LCD projector Christie LX1500 XGA 3-LCD 15,000
lumen3 was placed at approximately 10.2 m on the x-axis and was used to project different
1

https://sageaction.com/model-5-console.html
https://sageaction.com/basic-light.html
3
https://www.christiedigital.com
2
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colors in the volume along the y-axis. The LCD projector produces a very large amount of
light within a small area and can output a broad spectrum of colors. It has a resolution of 1024
× 768 and a calculated horizontal angle of view of 12.4◦ and a vertical angle of view of 9.32◦
The input image contained a thin band of 5 colors approximately 50 cm wide at the back edge
of the forest and approximately 60 cm wide at the front edge. The colors projected were red,
purple, green, blue and yellow.
A Nikon D4 camera was used to record the tracer particles following the airflow. For TDV
the camera was set to video, 2.7 × crop mode, with a frame resolution of 1920 × 1080 and a
frame rate of 29.97 fps. The camera was set to an exposure time of 1/60 seconds, an ISO over
12800 and an aperture of f/1.4. The recording was over 11 minutes which resulted in 20430
frames. The camera was placed at approximately -3.2 m on the y-axis and rotated on the z-axis
by a small angle clockwise. For the CTDV test the camera was placed at approximately -5.3 m
on the y-axis, was set to shoot in raw with a 4928 × 3280 resolution and only 458 photos were
taken with various camera compositions. The aperture, ISOs and exposures used for the CTDV
test were: f/2.8, ISO 3200, exp 1/30 s and 1/125 s; f/2.8, ISO 1600, exp 1/60 s and 1/250 s;
f/2.8, ISO 200 s, exp 1/30 s, 1/60 s, 1/125 s and 1/250 s.
The resulting captured test volume was approximately 3.6 m × 1.2 m × 0.5 m/ 0.6 m (L ×
H × W) for the two measuring methods.
The direct measurement instruments used to compare the experiment results were Cobra
probes series 1004 . Cobra probes are 4-hole pressure probes within a multi-faceted head that
can provide dynamic, 3-component velocity and local pressure measurements in real-time with
a frequency response of more than 2000 Hz. The Cobra probes can measure flow velocities
from 2 m s−1 up to 100 m s−1 with an accuracy of ±0.3 m s−1 . The Cobra probes were set to
sample at 500 Hz for 120 s. The flow was measured in multiple points along the x-axis, in
y = −0.275hc and at 10 different heights. To measure the variability on the y-axis additional
measurements were taken with the Cobra probes in y = −0.275hc , 0, 0.125hc and 0.5hc and in
4

https://www.turbulentflow.com.au/
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x = −1.5hc , 1.5hc and 3.375hc . The data was normalized with the wind speed in x = -0.6 m, y
= 0 and z = 0.5 m and with the maximum height for the model forest, which is hc = 0.4 m. The
reference speed for the Cobra probes was approximately 6.75 m s−1 . The resulting flow along
the x-axis in y = −0.275hc can be seen in Fig. 3.2.
3
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1.5
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0.5
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0
0.6

0.8

u/uref

1

1.2

x=-0.587hc
x=-1.5hc

Figure 3.2: The flow measured by the Cobra probes - normalized u component

3.2.2

Tracer particles

The chosen tracer particles need to be small enough to have the ability to follow the flow and
yet big enough to be captured by the camera. Small particles need a much brighter light to
be illuminated. Helium filed soap bubbles were identified as the most suitable tracer particles
due to size, material, neutral buoyancy, relatively good reflective properties and availability.
According to [10] soap bubble wall thicknesses can vary from 0.01 µm to 1.3 µm. A soap
film only reflects a small fraction of the incoming light and it is far from a perfectly reflecting
surface5 . For soap film thickness from about 50 nm to 120 nm all wavelengths will be reflected
almost equally, and the soap film will be perceived by the human eye as silvery white. For
thicknesses smaller than that, the soap film will be perceived as black by human eye6 . At some
soap film thicknesses the wavelengths corresponding to the color red are enhanced while blue
reflections are damped so the transmitted colors are therefore the complementary colors to the
5
6

https://www.soapbubble.dk/en/articles/tyndfilmsinterferens
https://www.soapbubble.dk/en/articles/thin-film-interference
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reflected colors.
For these experiments the SAI 1035 Bubble Film Solution and a bubble machine MODEL
5 CONSOLE from Sage Action, Inc. have been used. The resulting bubbles have a soap
film thickness of about 1 µm, have a lifespan of maximum 2 minutes and vary in size from 1
mm to 4 mm in diameter. The white light projector was especially designed for these bubbles
so when illuminated by white light, mixed colors cannot be seen on the bubbles (Fig. 3.3
(a)) and preliminary tests showed that that the bubbles reflected the five projected colors well
enough (Fig. 3.3 (b)). Although the RGB values are not constant for particles of the same
color, the human eye can distinguish the red, purple, green, blue and yellow reflected off the
soap bubbles. A soap bubble reflects only a small fraction of the light and the soap film is

(a)

(b)

Figure 3.3: Sample pretest photos - (a) black and white pathlines from TDV (exposure 1.3 s);
(b) colored pathlines from CTDV (exposure 1/2 s). In (a) the white light projector is on the left
side of the image, behind the roughness elements and in (b) the LCD projector is on the right
side of the image
not a perfectly reflecting surface7 so for the CTDV results the exact color of the particle is not
considered as it will vary slightly from particle to particle. Instead the hue that falls within a
range of values will be classified into one of the projected colors.

3.2.3

Geometric calibration

The process of camera calibration is the determination of the parameters that make it possible
to calculate the pixel position from a position in the outside world. The method described
7

https://www.soapbubble.dk/en/articles/tyndfilmsinterferens
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here follows [18] with a few simplifications. The camera reference frame has its origin at the
pinhole, the horizontal axis coinciding with the x-axis and the y-axis coinciding with the optical
axis. The world coordinate system is defined by a geometrical object of know dimensions such
as a calibration board with squares of known dimensions and location in space. The coordinates
were calculated relative to the centre of the planes. The connection between the camera and
world coordinate systems can be written as

X c = RX w + T

(3.3)

Here R = Ri j for 1 ≤ i, j ≤ 3 is a rotation matrix and T a translation vector. Thus the
coordinates of the world origin (X w = 0) in the camera coordinate system is T . And the world
coordinates of the camera pinhole (X c = 0) is the inverse of a rotation matrix which is its
transpose −R> T .

(a)

(b)

(c)

Figure 3.4: Calibration boards for the geometric calibration of - (a) the camera in the TDV
setup, (b) the camera in the CTDV setup and (c) the LCD projector in the CTDV setup. The
blue dots are the location of the marked world coordinates in the image plane. The photos are
zoomed in
For detecting the camera distance for the TDV experiment, a checkered calibration board,
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with 0.0254 m wide squares, was placed at the edge of the forest in the xy plane (in y = 0) as
seen in Fig. 3.4 (a). Several points were marked on the board and their position relative to each
other was measured. Photos of the board have been taken and the location of the marked points
in the image plane was noted. The resulting pixel coordinates was matched with the real-world
coordinates, computing the rotation matrix, the translation vector and the focal length of the
camera lens. The calculated camera focal length is 50.438 and the calculated distance from the
camera to the centre of the calibration board is 3.193 m. In the images captured in the test the
camera was rotated around the z-axis to the left by about 4.5◦ . The rotation matrix (Rc T DV ),
translation vector (T c T DV ) and distance (dc T DV ) for the TDV camera can be found in (3.4), (3.5)
and (3.6).

Rc T DV

T

c





0.998
−0.063
−0.004




= 0.004 0.002 1.000 




0.064 0.998 −0.002



T DV


= −0.604 −3.138 0.016

(3.4)

dc T DV = 3.193

[m]

(3.5)

[m]

(3.6)

For the CTDV geometric calibration, after removing the forest from the test, a white board
with drawn squares 0.02 m wide was placed in the centre of the test volume at a 45◦ angle
with the camera. Photos of the board have been taken and the pixel location of the marked
points was noted (Fig. 3.4 (b)). The resulting image plane coordinates have been matched with
the real-world coordinates, computing the rotation matrix, the translation vector and the focal
length of the camera lens. The calculated camera focal length is 50.001 and the calculated
distance from the centre of the calibration board to the camera origin is 5.086 m. The rotation
matrix (RcCT DV ), translation vector (T cCT DV ) and calculated distance (dcCT DV ) for the CTDV
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camera are found in (3.7), (3.8) and (3.9).

RcCT DV

T

c

CT DV





 0.676 0.736 0.032


=  0.002 −0.045 0.999




−0.737 0.675 0.032



= −0.165 −5.083 0.698

dcCT DV = 5.086

(3.7)

[m]

(3.8)

[m]

(3.9)

For the calibration of the projector a similar pattern was created in MATLAB which was
projected on the same calibration board as the camera calibration board (Fig. 3.4 (c)). After
selecting the pixel points in the image plane a list of real-world coordinates for the points
on the pattern was created which would correspond to the coordinates in the world. The pixel
coordinates of the projected points were computed as if seen by the camera from the location of
the projector. To do so, the pixel coordinates were calculated first by creating a line connecting
the pattern origin with each point on the image using Eq. 3.10. A plane cutting these lines was
then created and the resulting points were used along with the real-world coordinates to find
the position and location of the projector. The results can be found in (3.11), (3.12) and (3.13).
The calculated projector focal length is 34.009 and the calculated distance from the projector
to the centre of the calibration board is 11.686 m.

Pimage

  

 −1   
P
 f x  T x 
  

= R>  −1f Py  − T y 
  

  

1   T z 

(3.10)
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R pCT DV

T

p





 0.719 −0.695 −0.018


= −0.019 −0.045 0.999 




0.695 0.718 0.045 


CT DV

= 10 × −0.001 −1.168 −0.024

d pCT DV = 10 × 1.169
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(3.11)


[m]

(3.12)

[m]

(3.13)

Color calibration

For the color calibration process the entire color spectrum was created in MATLAB with hues
from 0 to 1 and 39 solid colors were chosen from the spectrum. The colors were equally distanced from each other thus each chosen color was 0.025 hues apart from neighboring colors.
Bubbles were released in the wind testing facility and photos were taken of each of the colors projected one by one on the bubbles and with the same camera compositions used for the
CTDV forest flow test. For the color calibration the soap bubbles were released in the chamber
without the fans running.
The resulting output mode hue (the most frequent hue) on each captured bubble versus the
input hue for one camera composition is displayed in Fig. 3.5. When attributing a color to a
tracer particle the exact hue, saturation or brightness should not be taken as an exact value since
they differ in time and space and from particle to particle. The results show that with the current
equipment only a few colors can be used in the color-coding experiment. The bubbles are not
a perfectly reflecting surface and there is no certainty that the LCD projector is illuminating
the volume with the exact same RGB information from the input image. It is important to
note that the main problem arising from using color to position objects in space result from
not being able to capture the true color on a CMOS sensor. The Bayer filter from the digital
camera is insufficient to capture the true color wavelengths. The filter is made of red, green

48

Chapter 3. Trace Detection Velocimetry methods

and blue pixels which compose the colors in a picture. This makes it impossible to capture the
true frequency of the particle color as it is expressed only as a value of red, green and blue.
Also, a bad camera composition can alter the captured color to the point that particle colors
might shift from one color to another. It is easy to see blue instead of purple and red instead of
yellow given the right saturation point and brightness level. Even changing the white balance
and color temperature can alter the color.

Figure 3.5: Color calibration - the input hues versus the mode hue (most frequent hue) on each
bubble in the captured images. Each black circle represents a helium filled soap bubble and the
colored lines represent the hue of the input colors used in the CTDV experiment. The camera
configuration was f/2.8, ISO 200, exp 1/30

The more colors projected in the test volume, the higher the need for a more accurate
and reliable detecting system otherwise higher error rates will arise in the data. In a depth
volume of 2000 mm with a hue increase of 0.0005 per mm in depth, an erroneously detected
hue variation of 0.08 in an image would correspond to 160 mm variation in depth. If the
exposure time is 1/160 s then the depth speed variation would be more than 25 m s−1 . If the
exposure time is 0.5 s then the speed would vary by 0.32 m s−1 . Given these limitations for the
CTDV experiment, only 5 colors were chosen to illuminate the depth of the test volume. When
classifying a colored bubble in an image, a range of possible hue values was attributed to each
of the five projected colors. Although the color calibration showed that each of the used colors
had a wider hue span, the pathlines were classified using a narrower range because of color
shifting and to avoid higher errors in positioning on the y-axis. The hue ranges chosen for the
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corresponding color match are found in the Table 3.1.

Table 3.1: Projector input colors and chosen hue range for color classification

3.2.5

Color

Input red Input green Input blue Input hue Chosen hue
value
value
value
value
range

red
purple
green
blue
yellow

255
204
5
0
5

0
0
255
102
255

0
255
0
255
0

0 or 1
0.8
0.33
0.6
0.15

≤ 0.001 or ≥ 0.9
[0.75, 0.84]
[0.29, 0.4]
[0.5, 0.65]
[0.1, 0.18]

Methodology

The TDV video was separated into JPEG format frames. The CTDV raw photos were altered
post experiment by increasing the brightness and maximizing exposure compensation. The raw
NEF files were converted to TIFF16 lossless images.
For both experiments the background corresponding to the roughness elements, floor and
forest was removed by creating a region of interest (Fig. 3.6 (a) and (c)) which was used like a
mask. The remaining pathlines in one image can be seen in Fig. 3.6 (b) and (d). The detected
circular objects were deleted to remove image noise. All the objects smaller than 70 pixels
and the pathlines that started on the edge of the image were deleted. Each detected pathline
was labeled, the endpoints and middle point locations were stored. The pathline length was
calculated with Eq. 3.14
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(a)

(b)

(c)

(d)

Figure 3.6: The background regions which were removed represented in yellow in (a) TDV
and (c) CTDV experiments. Images (b) and (d) are the resulting post-processed images with
the remaining pathlines

sl =

q

(xpixl − xpix f )2 + (ypixl − ypix f )2

(3.14)

where sl is the pathline length in pixels, xpix f and xpixl are the first and last pixel numbers
of the pathline on the x-axis, and ypix f and ypixl are the first and last pixel numbers of the
pathline on the y-axis. The resulting speed of a pathline will be the pathline length divided
by the exposure time. The horizontal component (u) and the vertical component (w) of the
wind speed from the captured images were computed in pixels per second. The equivalent of
hc was approximately 300 pixels for TDV and 540 pixels for CTDV. The pathline speeds were
averaged for x between −2hc and 4hc with a 0.25hc interval and for z between 0 to 3hc with a
0.125hc interval. The speeds were normalized with the reference speed located in x between
[-1.59hc , -1.41hc ] and z between [1.21hc , 1.29hc ].
For the CTDV data, to identify the color of the particle pathline the images were converted
from RGB to HSV. The hues at the ends and middle of each pathline was stored and compared
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to the original hue input in the LCD projector for color classification. The LCD projector
produces a very large amount of light and the bubbles reflect a ray of 3 pixels around them. For
this reason, speeds for CTDV were calculated by removing 11 pixels from the start and end of
the detected pathline.

3.3

Results

Velocity traces were extracted for 20430 TDV photos and 458 CTDV photos. The TDV mean
wind speed was 2355.3 pxls s−1 and the reference wind speed was 2478.2 pxls s−1 . For the
TDV video the camera was not perpendicular to the flow which makes the pathlines on the
far right-hand side and upper regions of the image appear shorter. To rectify this a linear
correction was applied to the extracted TDV wind speed profiles from pathlines on the xaxis farther than 1.75hc and on the z-axis higher than 1.75hc . The lighting was not uniform
throughout the captured image which makes it likely that some pathlines were not captured
entirely after the conversion of the images to black and white. Also, the intersection of pathlines
leads to identifying two connected pathlines as one single object. For these reasons, around
55134 values were deleted which out of a total number of detected pathlines of 1660926 is
approximately 3.32% discarded results. Averaging hundreds of pathlines per location reduces
the overall error.
The addition of color for CTDV to the test volume has the potential to bring another spatial
component to the captured pathlines. The CTDV mean wind speed was 8428.2 pxls s−1 and the
reference speed was 7212.1 pxls s−1 . The captured pathlines were classified as belonging to
one of the used colors based on the hue at the ends and in the middle of the pathline. Particles
overlapping create an additional issue as the resulting color is not classified and it becomes
more difficult to separate the pathlines and analyze them individually. Out of 9461 detected
pathlines, 3245 (34.3%) had hues within the specified values. Among the 3245 reliable detected
pathlines, 1526 were blue, 594 were red, 214 were purple, 107 were green, 20 were yellow and
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784 (24%) had an unreliable positioning on the y-axis due to hue shifting. Based on the pixel
locations in the images and the color of the pixels in CTDV, the velocity vectors for all the
white pathlines, for all the colored pathlines and for one of the used colors (blue pathlines)
were extracted and are illustrated in Fig. 3.7. The CTDV method adds the ability to extract the
vector field for several positions in 3D space as seen from Fig. 3.7 (c).
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Figure 3.7: Velocity vectors - the detected pathlines over the entire forest: (a) all the white
pathlines from TDV, (b) all the colored pathlines from CTDV and (c) only the blue pathlines
from CTDV

Fig. 3.8 shows a comparison of the u component in y = −0.275hc between the Cobra
probe data, TDV and CTDV in x = −1.5hc , 0, 1.5hc and 3.375hc at different heights. The
results are promising given that direct measurement instruments can store thousands of point
measurements per second and TDV with only a few hundred processed pathlines per location
produces a similar wind profile. A comparison between the vertical component w in y =
−0.275hc from the Cobra probes and the two tested methods in x = −1.5hc , 0, 1.5hc and
3.375hc is illustrated in Fig. 3.9. For the w component TDV describes a similar profile to
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the Cobra probes, matching better on the forest edge and downstream. Due to insufficient
colored pathlines the resulting CTDV profile presents a high dissipation of the velocity profile
values. To check the variability on the y-axis the u and w components from the Cobra probe
measurements in y = −0.275hc , 0, 0.125hc and 0.5hc were averaged and compared with the
TDV results. The comparison of the u and w components between the averaged Cobra probe
data and TDV in x = −1.5hc , 1.5hc and 3.375hc is shown in Fig. 3.10.
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Figure 3.8: Cobra probe data in y = −0.275hc (CPy=−0.275hc ), TDV results and CTDV results normalized u component - (a) x = −1.5hc ; (b) x = 0; (c) x = 1.5hc and (d) x = 3.375hc
The data resembles well the u component measured with Cobra probes up to a height of
approximately 2.25hc . The discrepancies after a certain height could be due to the increasing
angle between the camera and the pathlines with distance. Again the TDV w component is
matching better the Cobra probes measurements downstream. There is a high variability of the
vertical component upstream compared to downstream as seen from Fig. 3.11. The negative
vertical component caused by the wake of the roughness elements is not captured sufficiently
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Figure 3.9: Cobra probe data in y = −0.275hc (CPy=−0.275hc ), TDV and CTDV - normalized w
component - (a) x = −1.5hc ; (b) x = 0; (c) x = 1.5hc and (d) x = 3.375hc

by TDV, the pathlines going upwards predominantly. The discrepancies in the upstream area
could be caused by an uneven distribution of the bubbles which is indicated by CTDV from the
higher number of bubbles captured in the blue region.

The TDV white light experiment proves to be matching the direct measurement instrument
data well given that the flow is mostly two-dimensional and there are enough detected pathlines
per location to minimize errors. Table 3.2 presents the standard deviations of the Cobra probe
data averaged on the y-axis (CPa ) and TDV for the u and w components. Table 3.3 indicates the
root mean square error (RMSE) between the Cobra probe data in y = −0.275hc (CPy=−0.275hc )
and TDV and between the CPa and TDV for the u and w components. The results point to
a decrease in the error of prediction when comparing the TDV results to the averaged direct
measurement data over the y-axis.
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Figure 3.10: Averaged Cobra probe data on four rows of forest trees (CPa ) compared with the
TDV results - (a) normalized u component and (b) normalized w component. The location of
the Cobra probes on the y-axis was y = -0.275hc , 0, 0.125hc , 0.5hc and the location on the
x-axis was x = -1.5hc , 1.5hc and 3.375hc
Table 3.2: Standard deviations for the u and w component - CPa and the TDV results
σCPa u [m s−1 ]

σT DVu [m s−1 ]

σCPa w [m s−1 ]

σT DVw [m s−1 ]

-1.5hc
1.5hc
3.375hc

0.147
0.053
0.096

0.090
0.033
0.103

0.084
0.032
0.036

0.101
0.034
0.055
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Figure 3.11: Variability on the y-axis of the w component measured with Cobra probes (a)
upstream in x = −1.5hc and (b) downstream in x = 1.5hc

The proposed TDV method has similarities with a numerical counterpart, the Large Eddy
Simulation (LES) CFD simulations. Figure 3.12 illustrates this by comparing the interpolated
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Table 3.3: RMSE for the u and w components between the Cobra probe in y = −0.275hc
(CPy=−0.275hc ) and the TDV results and the RMSE between the Cobra probe data averaged on
the four rows (CPa ) and the TDV results
x

u RMSE
T DV & CPy=−0.275hc

u RMSE
T DV & CPa

w RMSE
T DV & CPy=−0.275hc

w RMSE
T DV & CPa

-1.5hc
1.5hc
3.375hc

0.066
0.022
0.033

0.058
0.021
0.029

0.105
0.019
0.036

0.077
0.018
0.037

TDV results and interpolated Cobra probe data with previous CFD simulations in the vertical
plane of a comparable forest edge. The discrepancies between the full-scale simulation and the
Cobra probes and TDV results come from the fact that the model in the CFD data is a much
denser forest.

(a)

(b)

(c)

Figure 3.12: Flow over the entire forest. (a) CFD LES data, (b) interpolated Cobra probe data,
and (c) normalized TDV results. The variable hc is 24 m for (a) and 0.4 m for (b) and (c)

3.4. Conclusion

3.4

57

Conclusion

The TDV method proposed herein uses a simple light source to enable the visualization and
extraction of the flow field in two dimensions. The CTDV method uses tracer particles reflecting different colors depending on their location on the y-axis allowing the detection of their
positioning in space and a quantitative-qualitative description of the flow in three dimensions.
Both methods were compared with point measurements over a model scale forest edge.
Given enough pathlines and a relatively two-dimensional flow TDV proved to be an efficient
2D-2C measurement method. The use of the RGB values in CTDV images is not reliable for
particle positioning especially when a particle covers only a few pixels however, using a higher
exposure time mitigates the errors related to locating a particle in space from a digital photo.
Although both TDV and CTDV are highly adaptable to different volume sizes and flow
speeds they are sensitive to an improper seeding and improper camera configuration. This
can lead to a high number of pathline intersections and an incorrectly exposed frame which
ultimately impacts the mean flow results and particle positioning in real space.
Besides the intrinsic soap bubble imperfections there are other complications that make
particle positioning difficult like background reflections, the non-uniform sensitivity of the
camera pixels, noise in the camera or uneven illumination.
Both methods can provide an overall quantitative or qualitative-quantitative image of the
entire mean flow mostly for large measurements domains at relatively large Reynolds numbers.
In this sense, the proposed methods have similarities with a numerical counterpart, the LES
CFD simulations.
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[7] Fu S, Biwolé PH, Mathis C (2015) A comparative study of particle image velocimetry
(piv) and particle tracking velocimetry (ptv) for airflow measurement. Int J Mech Mechatron Eng 9:40–45
[8] Hangan H (2014) The wind engineering energy and environment (windeee) dome at western university, canada. Wind Engineers, JAWE 39:350–351
[9] Hinsch KD (2002) Holographic particle image velocimetry. Measurement Science and
Technology 13(7):R61
[10] Isenberg C (1978) The science of soap films and soap bubbles. Tieto Cleveton, UK
[11] Katz J, Sheng J (2010) Applications of holography in fluid mechanics and particle dynamics. Annual Review of Fluid Mechanics 42:531–555
[12] Meng H (1997) Holographic flow visualization as a tool for studying 3d coherent structures and instabilities. In: Proceedings of The Second International Workshop on PIV’97Fukui, pp 27–34

REFERENCES

59

[13] Meynart R (1983) Speckle velocimetry study of vortex pairing in a low-re unexcited jet.
The Physics of fluids 26(8):2074–2079
[14] Nayler JL, Frazer BA (1917) Preliminary report upon an experimental method of investigating, by the aid of kinematographic photography, the history of eddying flow past a
model immersed in water. Technical Report of the Advisory Committee for Aeronautics
for the Year 1917-1918, Tech rep
[15] Prenel J, Bailly Y (2006) Recent evolutions of imagery in fluid mechanics: From standard
tomographic visualization to 3d volumic velocimetry. Optics and lasers in engineering
44(3-4):321–334
[16] Ruck B (2003) Color-coded tomography. In: 7th Int. symp. on fluid control, measurement
and visualization
[17] Scarano F (2012) Tomographic piv: principles and practice. Measurement Science and
Technology 24(1):012,001
[18] Trucco E, Verri A (1998) Introductory Techniques for 3-D Computer Vision. Prentice
Hall
[19] Watamura T, Tasaka Y, Murai Y (2013) Lcd-projector-based 3d color ptv. Experimental
Thermal and Fluid Science 47:68–80
[20] Westerweel J (1993) Digital particle image velocimetry: theory and application. PhD
thesis, Technische Universiteit Delft, Netherlands
[21] Xiong J, Fu Q, Idoughi R, Heidrich W (2018) Reconfigurable rainbow piv for 3d flow
measurement. In: 2018 IEEE International Conference on Computational Photography
(ICCP), IEEE, pp 1–9
[22] Zibret D, Bailly Y, Cudel C, Prenel J (2003) Direct 3d flow investigations by means of
rainbow volumic velocimetry (rvv). Proceedings of PSFVIP-4 Chamonix, France 4(3):5

Chapter 4
Conclusions and recommendations
A challenge in experimental fluid dynamics is developing simple and accessible methods that
can capture the wind flow components over large scale volumes and the three-dimensional
displacements of flexible objects. These subjects were approached in this research work by
means of three developing methods that employ commercially available equipment. The methods were tested on a single garden tree and on a modelled forest in the WindEEE Dome at
Western University.
Tree canopies have been studied for different reasons ranging from quantifying the reduction of the frontal area with increasing the wind speed to calculating drag coefficients for different species and sizes of trees to modelling wind flow over forests. Due to their complex and
flexible geometry, it is challenging to model three-dimensional displacements and to establish
drag coefficients closely related to the canopy area.
In this thesis the interactions between wind and the response of a single tree was assessed
based on a new methodology using a commercial infrared time-of-flight camera. Two velocity
components of the wind flow profile over a modelled forest were extracted with a new quantitative method for measuring wind flow in wind tunnel facilities using a white light projector,
tracer particles and a digital camera. A three-dimensional visualization method was tested as
an extension to the previous technique. The methods presented here have the capacity to cut
60
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down on cost and processing time compared to other frequently used laser-based techniques.

4.1

Summary

The main focus of the thesis was developing practical and easy to use methods for detecting
moving bodies as well as extracting wind speeds over large volumes at relative high Reynolds
numbers with application to tree measurements. Chapter 2 demonstrated the ability to see the
movement of a single tree in different turbulent winds using a commercial infrared time-offlight camera. The three-dimensional movement of the tree was captured and different methods to extract the projected frontal canopy areas were analyzed. Using the accessible depth
information the canopy area was calculated following two approaches. The force-area and
force-displacement correlations were analysed and the drag coefficient dependence on wind
speed was presented. Chapter 3 proposed and tested two distinct methods for extracting the
horizontal and vertical components of the flow field over a modelled forest using a light source.
The first method enabled the visualization and extraction of the flow field in two dimensions
using white light while the second allowed a quantitative-qualitative description of the flow in
three dimensions using colored light. Both methods were compared with point measurements.
The proposed methods have similarities with the numerical CFD counterpart.

4.2

Conclusions

The major conclusions from the study in Chapter 2 are:
• The three-dimensional displacement of the flexible tree canopy in the wind can be captured based on a novel infrared time-of-flight camera method.
• The tree canopy tends to increase in area at lower wind speeds and has a random movement. At intermediate speeds the centre of the canopy moves back and forth as well as
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to the left and right and a bi-stable behaviour is observed with alternative “fluffing” and
streamlining of the crown.
• One method of calculating the area is by projecting the recorded canopy pixels to the
farthest observable point on the canopy. A second method converts each pixel into its
respective area based on their individual depth value.
• For the first pixel-to-area conversion method the crown ”fluffing up” and subsequently
streamlining is discernible but not by much since at the highest tested wind speed the
area decreases to only 99% of the area at the lowest wind speed.
• For the second pixel-to-area conversion method the reshaping is more evident as at the
highest wind speed the crown area decreases to 93% of its area at the lowest wind speed.
• The correlation coefficient between the drag force and the canopy area is above 0.7. The
correlation coefficient between the drag force and the canopy displacement is above 0.9.
• The technique allows qualitative and quantitative results for wind-tree interaction analysis.
The major specific conclusions from the study in Chapter 3 are:
• Two new quantitative solutions for measuring wind flow over large volumes in wind
tunnel facilities at high Reynolds numbers are advanced. The main principle of the
methods consists of taking long exposure time photos of tracer particles following the
wind flow. The techniques are tested against existing Cobra point measurements as well
as a CFD simulation for the wind flow over a modelled forest edge.
• The first method called TDV uses a 60 cm beam of white light projector, a digital camera
and tracer particles.
• In the second method called CTDV the white light is replaced with a 60 cm wide band
containing 5 different colors.

4.3. Recommendation and future work
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• The first method allows a rapid extraction of two dimensions - two components (2D-2C)
of the flow.
• With Colored TDV the 3D position of particles can be detected by analyzing the 2D spatial motion and the color in the image plane allowing also a visualization of the particles
in the volume.
• Overall TDV and CTDV can reconstruct with a good accuracy a significant part of the
wind flow structure.
• Both methods can be applied to large 3D volumes.
• The primary drawback of CTDV is the currently limited spatial resolution along the
depth coordinate.

4.3

Recommendation and future work

Despite the past and current progress on three-dimensional motion detection and global velocity measurements, there is still room for improvement. In this regard, the following recommendations for future work are suggested:
• RGB stereo cameras could be utilized along with multiple infrared cameras for real-time
3D reconstruction of the entire tree canopy.
• A carefully chosen camera composition and position can significantly improve the extraction and calculation of the two components of the flow in the image plane.
• The resolution in depth for the 3D flow capturing method can be increased by improving
the color wavelength distribution.
• All three wind flow components could be captured over the entire large-scale volume by
using enhanced color wavelength capturing cameras and higher reflecting tracer particles.
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